Spark-breakdown delay times were measured for N2, H2, Ar, SF6, and CC12F2 in a uniform field gap provided with a small current ( -10 ' A) of free electrons by uv illumination of the cathode.
I. INTRODUCTION
Under normal conditions. a gas is a good electrical insu- lator. Electrical breakdown is the sudden transition of a gas to a conducting state. The ability of a gas to serve as either an insulator or a conductor has great technological significance. Controlled electrical breakdown is the basis of the operation of gas-filled switches. Interest in the physics of breakdown has increased because of the importance of high-power switches in fusion reactors, lasers, directed-energy weapons, and electromagnetic pulse generators. ' Gases are used as insulation to prevent breakdown in high-voltage circuits and transmission lines. The probability of breakdown is an important consideration in the design of high-voltage systems. A high probability of breakdown is required for the reliable performance of switches, whereas a very low probability of breakdown is necessary for insulation.
Electrical breakdown occurs when two conditions are satisfied. First, the applied voltage must equal or exceed a minimum value (the static breakdown voltage V, ). Second, a free electron must be present in the gas. A free electron, accelerated by the electric field, produces more free electrons and positive ions in ionizing collisions with gas molecules. This process is described by the primaryionization coefficient a, the average number of ionizing collisions experienced by one electron moving 1 cm along the direction of the electric field. An electron, departing from the cathode, creates an electron avalanche that grows exponentially to an average size n =exp(ad), where d is the electrode spacing. New avalanches are begun when positive ions, photons, or excited neutrals created in previous avalanches impinge on the cathode and eject electrons. This process is described by the secondaryionization coefficient cu/a, the average number of secondary electrons released from the cathode per positive ion produced in the gas. Although the secondaryionization coefficient is defined relative to the number of positive ions, its value includes the contributions of all secondary agents.
The development of current in a series of electron avalanches is the basis of the breakdown mechanism proposed in its initial form by Townsend. The criterion for breakdown in the Townsend theory is that each electron avalanche produce on the average at least one secondary electron at the cathode, so that the discharge is self-sustaining. This criterion is expressed mathematically as p=(co/a)n =1.
(1) Since a and co are both functions of V/(Xd), the Townsend criterion defines a breakdown voltage VT, for a given gas number density X, and electrode spacing d. 
It is apparent from Eqs. (1) and (2) that the form of the breakdown criteria of the two theories is the same. They differ in the mechanism of current growth in the prebreakdown stage of spark development: secondary electrons from the cathode (co/a) in the Townsend model and a space-charge ( n, ) induced process in the gas in the streamer model. The streamer theory has generated controversy because of the difficulty in quantitatively describing the ionization process. ' ' ' " The ability of an avalanche to produce photons energetic enough to ionize in a pure gas has been questioned. ' Other ionization processes, associative ionization of excited atoms' and runaway electrons, ' have been advanced to account for streamer propagation.
The calculation of breakdown probability in the framework of either of these breakdown mechanisms requires that the statistical nature of current development be considered. Although The following procedure was used to acquire the data. Gas was admitted to the discharge chamber to the desired pressure (read on a Wallace-Tiernan gauge). Research grade gases were used without further purification. The pedestal generator was set to trigger automatically every 5 sec and the cathode was gradually made more negative until breakdowns began to occur. Several hundred breakdowns were used to "condition" the cathode. Electrode damage was minimal since the only charge passed during the discharge was that stored on the gap capacitance. After conditioning, the chamber was evacuated and refilled. Spark delay times were measured and recorded manually beginning at the lowest voltage at which breakdowns were observed. Fifteen to forty measurements were made at each voltage. The voltage was increased in steps up to 250 V overvoltage, then decreased back to the minimum. Finally, measurements were repeated at one of the higher overvoltages to check that the photocurrent had not changed significantly. The probability distribution for electrons and positive ions is approximately g/a for n*=0 u'(n*) = (8) (1 -g/a) exp( n /n ) for -n & 0,
The asterisks denote parameters in an electron-attaching gas. The Townsend breakdown (1 -g/a) 1 -1/p'+ I V(nz )dn~f or p*~1 . C For electron-attaching gases the probability distribution V(n) was multiplied by the factor (1 -q/a), p was replaced by p*, and n was taken to be the average number of positive ions n &. Note that this equation is not a simple sum of Eqs. (13) and (14), but includes finite sequences of avalanches with total size greater than n, .
Unfortunately, an analytical solution of the indefinite Breakdown probabilities calculated from this equation for SF6 and CC12F2 with n*=nz are p1otted in Figs. 9 -14.
At the highest pressures agreement with experiment was P*= t u'(n*)dn*={1 -g/a)exp( n, /n *) . (14) Figure 15 shows separately the contributions of finite and infinite sequences of avalanches to the total theoretical breakdown probability from Eq. (17) for SF6 at 27.6 kPa (see Fig. 11 As n approaches n, the probability that one avalanche is large enough to cause breakdown becomes s'ignificant and the effect of space charge must be included. This suggests the regimes of validity of the two models: Townsend theory for n «n, and streamer theory for n &n, This d.efinition of the transition is equivalent to the assignment of the models to different ranges of overvoltage, since n is a strong function of voltage. The overvoltage at which the transition occurs depends on the relative values of co/a and I/n, If. co/a is so small that the Townsend criterion is not satisfied until n approaches n" the influence of space charge will be important at 0% overvoltage.
Raether has discussed this transition in similar terms. Methane and ether ordinarily have a very low m/u, so that the streamer mechanism is valid at the static breakdown voltage. However, if a copper cathode is coated with CuI to increase~j'a, successions of Townsend avalanches can be observed in these gases.
The application of this principle to SF6 is illustrated in Fig. 16 The decrease may also be due to increased electron attachment near the cathode surface.
The transition from Townsend to streamer behavior with increasing pressure in SF6 and CC12F2 is a consequence of the decrease in m/a, which causes the Paschen curve to approach the line n~= n, (Fig. 16) . In SF6 at 4 kPa (Nd =4.5 X 10' cm ) with co/a=2. 9X 10 breakdown occurs by the Townsend mechanism at n~&&n, . The breakdown probability is well described by the Townsend model [Eq. (13)] and V, =VT (Fig. 9 ).
Transition to a streamer mechanism will occur at an overvoltage at which n z approaches n, . At 9.3 kPa (Nd=1. 05X10' cm ), co/a=7. 5X10 and satisfaction of the Townsend criterion requires an average avalanche size n. & -10 . The probability that only a few avalanche generations produce space-charge field distortion is significant. Both secondary action at the cathode and space-charge field distortion are required to account for the dependence of the, breakdown probability on voltage (Fig. 10) (14), for which the breakdown probability varies as exp( n, /n ), wh-ich declines progressively more steeply as n decreases, but still never becomes precisely zero.
The relationship of the breakdown-probability equations to the measurement of the breakdown voltage is illustrated in the following calculation. A common procedure for measuring V, is to apply a slowly rising voltage ramp to a spark gap which is irradiated to provide initiating electrons. The distribution function of the measured breakdown voltage is given by A different situation occurs with SF6 at 26.7 kPa in which space charge is significant. The streamer breakdown probability does not define a critical voltage below which the breakdown probability is zero. The more gradual rise of the probability curve results in measured breakdown voltages that depend strongly on experimental conditions.
(1) Breakdown occurs by the Townsend mechanism if the average avalanche size n is much smaller than the critical size for streamer formation n, . As n approaches n, the probability of rapid streamer breakdown becomes significant. 
where
